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ABSTRACT 

We have determined the distance to M33 using single epoch /-band observations of Cepheids based on 
HST/WFPC2 images of five fields in M33. Combining the HST /-band photometry and the periods de- 
termined from the ground-based observations (DIRECT) for 21 Cepheids with logP > 0.8 in the sample 
of 32 Cepheids, we derive a distance modulus of {m — M)q — 24.52 ± 0.14(random)±0.13(systematic) for 
an adopted total reddening of M33, E{B~V) = 0.20±0.04 {E{V~I) = 0.27±0.05) given by Freedman et 
al. (2001), the reddening to the LMC, E{B-V) = 0.10, and the distance to the LMC, (m-M)o = 18.50. 
If the total reddening to M33 oiE{B-V) = 0.10 ±0.09 given by Freedman, Wilson, & Madore (1991) is 
used, the Cepheid distance modulus based on the /-band photometry will be increased by 0.20. Metal- 
licity effect on the Cepheid distance to M33 is estimated to be small, 6{m — M)z = 0.01 to 0.06, which 
leads to (m — M)o = 24.53 to 24.58 after this metallicity effect correction. Using the Wesenheit Wj, an 
extinction-free parameter, we derive a similar value, (m— il/)o = 24.52±0.15(random)±0.11(systematic). 
These results are in reasonable agreement with those based on the ground-based multi-epoch BVRI ob- 
servations of brighter Cepheids in M33, and are k, 0.3 smaller than those based on the tip of the red 
giant branch and the red clump. It is needed to estimate better the reddening to Cepheids in M33. 
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ever, crowding and blending problems for faint Cepheids 
are severe in the ground-based data. Therefore, the pe- 
riods of the Cepheids in nearby galaxies like M33 can be 
determined reasonably well from the ground-based obser- 
vations, but the photometry of these Cepheids is prone to 
errors due to the severe crowding and blending (Mochejska 
et al. 2001). 

In this paper, we present a determination of the dis- 
tance to M33 using single epoch /-band photometry of 
known M33 Cepheids, based on deep Hubble Space Tele- 
scope Wide Field Planetary Camera 2 {HST/WFPC2) 
images, taking advantage of the high spatial resolution of 
HST and the periods of the DIRECT Cepheids obtained 
from ground-based CCD observations. 

Single epoch /-band photometry of Cepheids with 
known periods is very efficient when used in determin- 
ing the distances to nearby galaxies (Freedman & Madore 
1988; Lee, Freedman, & Madore 1993a, b). The amplitude 
(~ 0.5 mag) of variability of Cepheids and extinction at 
the /-band are much smaller than at shorter wavelengths 
(such as B) so that we can estimate the distances reason- 
ably well even from single epoch /-band observations of 
several Cepheids with known periods. 

2. OBSERVATIONS AND REDUCTION 

We analyzed HST/WFPC2 data for five fields in M33 
obtained between 1995 November to 1997 June for Sara- 
jedini et al. (1998) 's cycle 5 program (GO-5914). Each 

^ Based on observations with the NASA/ESA Hubble Space Telescope obtained at the Space Telescope Science Institute, which is operated by 
the Association of Universities for Research in Astronomy, Incorporated, under NASA contract NAS5-26555. 



1. INTRODUCTION 

The Local Group spiral galaxy M33 is one of the pri- 
mary calibrators for secondary distance indicators includ- 
ing the TuUy-Fisher relation. Although it is a nearby 
bright galaxy and the Cepheids in it were discovered as 
early as the 1920's (Hubble 1926), it was only in the 1980's 
that reasonable estimates for the distance to M33 became 
available (Sandage 1983; Sandage & Carlson 1983; Freed- 
man, Wilson, & Madore 1991). 

M33 is close enough so that useful photometry of the 
bright Cepheids can be obtained from ground-based ob- 
servations. Taking advantage of the excellent seeing at 
the Canada-France-Hawaii Telescope, Freedman, Wilson, 
& Madore (1991) determined the distance to M33 us- 
ing BVRI photometry of 10 bright Cepheids, obtaining 
(to — M)o — 24.64 ± 0.09 which is close to the median of 
the previous estimates using Cepheids, (to — M)o — 24.1 
to 24.8 (Sandage 1983; Sandage & Carlson 1983; Madore 
et al. 1985; Christian & Schommer 1987; Mould 1987) 
(see also van den Bergh (2000)). Later Freedman et al. 
(2001) revised Freedman, Wilson, & Madore (1991)'s value 
to (to - M)o = 24.62 ± 0.10, adopting sfightly different 
period-luminosity relations and the metallicity effect cor- 
rection of 0.06 mag based on S{m - M)o/dZ = -0.2 ± 0.2 
mag dex~^. On the other hand, very recently Macri et al. 
(2001) discovered 251 Cepheids in M33 and presented their 
BVI light curves using the FLWO 1.2m telescope. How- 
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field was observed for four orbits, yielding a total exposure 
time of 4800 seconds for F555W{V) and 5200 seconds for 
F81'iW{I). These data were obtained originally for the 
study of globular clusters in M33; thus, a globular cluster 
is centered in each PC chip. 

We have identified 32 Cepheids known from the DI- 
RECT project in these HST images, as shown in Figure 1 
(There were three more Cepheids in our fields, but two of 
them were saturated and one could not be identified, so we 
used only 32 Cepheids for this study) . Table 1 lists the in- 
formation for the Cepheids used in the present study. The 
periods of these Cepheids range from 4 days to 26 days. 
We have classified the quality of the light curves given by 
Macri et al. (2001) into five classes: for very good, 1 
for good, 2 for fair, 3 for unusually red color, and 4 for 
ambiguous identification, as shown in Table 1. At the po- 
sition of C49 shown in the DIRECT image, there are seen 
two stars separated by 0.525 arcsecond in the HST im- 
age. The magnitudes and colors of both stars {V = 20.78, 
{V-I)= 0.59, and V = 21.93, {V - I) = 1.14) are within 
the range of those of known Cepheids so that we could not 
identify which of the two is a Cepheid. Finally we decided 
not to use this object for the distance estimation. 

The photometry of the stars in the images has been ob- 
tained using the multiphot routine of the HSTphot package 
which was designed for photometry of HST/WFPC2 data 
and employs a library of Tiny Tim point-spread-functions 
(PSFs) for the PSF fitting (Dolphin 2000a,b). The mul- 
tiphot routine gives the magnitudes transformed to the 
standard system as well as instrumental magnitudes. The 
standard V and (V — /) of the Cepheids as measured by 
the multiphot routine are listed in Table 1. Formal errors 
of both V and {V — I) are smaller than 0.02 mag. More 
details of the observations and data reduction are given in 
Kim et al. (2001). 

After phasing our data to the DIRECT data, we have 
compared our photometry with the DIRECT photome- 
try on the same phase and with the mean magnitudes of 
the Cepheids given by the DIRECT project (Macri et al. 
2001), which are listed in Table 1. It is found that the 
phase distribution of our HST Cepheid data is random, 
showing that they can be used for reliable distance estima- 
tion. A comparison of our single epoch photometry with 
both sets of the DIRECT data, shows that HST magni- 
tudes are on average « 0.2 mag fainter than the DIRECT 
magnitudes; the differences between the two sets of pho- 
tometry are Ay (HST - DIRECT) = 0.16 with a standard 
deviation a = 0.46, and A/(HST - DIRECT) = 0.23 with 
a standard deviation a = 0.29, as shown in Figure 2. There 
is little difference in the standard deviation between the 
comparisons with the mean magnitudes and phased mag- 
nitudes of the DIRECT data. This difference between our 
data and the DIRECT data is most likely due to the crowd- 
ing and blending effect in the ground-based data which 
leads to brighter magnitudes in the DIRECT photometry 
(see also Mochejska et al. (2001)). However, the crowding 
and blending has much less effect on the period determina- 
tion for Cepheids so that the Cepheid periods given by the 
DIRECT project arc considered to be reliable. The rea- 
son for the difference between our photometry and Mould's 
photometry (see below) is not known but note that it goes 
in the direction opposite to what one would expect from 



additional crowding in the gromid-based data. 

The foreground reddening values of all the regions in 
M33 are as low as E{B -V) = 0.04 (Schlegel, Finkbeiner, 
& Davis 1998). Freedman, Wilson, & Madore (1991) es- 
timated the mean value of the total (foreground plus in- 
ternal) reddening for the M33 Cepheids from BVRI pho- 
tometry of bright Cepheids, to be E{B-V) = 0.10±0.09. 
Later Freedman et al. (2001) revised this estimate to a 
value twice larger but with a smaller error, EiV — I) = 
0.27 ± 0.05 (E(B -V) = 0.20 ± 0.04), by applying new 
period-luminosity relations of the Cepheids to the same 
data. We adopted the latter in this study. The extinc- 
tion laws for Rv 3.3, Ai = 1.9b6E{B - V)(=0.39) 
and E{V -I) = 1.35E{B - V), (Cardelh et al. 1989) are 
adopted in this study. 

3. RESULTS 

3.1. Color-Magnitude Diagram 

Figure 3 displays the color-magnitude diagram of 32 
Cepheids listed in Table 1, where the field stars in one 
region (H38 region) are also included to illustrate the field 
stellar population. In Figure 3, we also plot for compari- 
son the mean magnitudes and colors of the same Cepheids 
given by the DIRECT project (Macri et al. 2001) and 
those of bright Cepheids given by Freedman, Wilson, & 
Madore (1991). The magnitudes of the Cepheids range 
from I = 21.1 mag to 18.5 mag {V = 22.0 mag to 20.1 
mag), reaching much fainter than those of the Cepheids 
used in Freedman, Wilson. & Madore (1991)'s study (as 
shown by the open squares in Figure 3). One M33 Cepheid 
(C150) with the reddest color (^ - 7 = 1.73 both from the 
HST and DIRECT photometry) shows an extremely red 
color even compared with the Cepheids in other galax- 
ies (Ferrarese et al. 2000). The range of Cepheid colors 
obtained in this study is similar to that of the DIRECT 
project, although our photometry is based on just single 
epoch observations, while the DIRECT photometry rep- 
resents mean values based on multi-epoch data (> 100 
photometric points taken over about 40 nights). 

In Figure 4, M33 Cepheids are compared with those in 
the LMC (Udalski et al. 1999a) and the HST Ho Key 
Project galaxies (Ferrarese et al. 2000; Freedman et al. 
2001)in the the color-magnitude diagrams. In the case of 
the LMC for which the extinction E{B - V) = 0.1 and 
the distance modulus (m — M)o = 18.5 are adopted, first 
overtone mode Cepheids (triangles) as well as the funda- 
mental mode Cepheids (open circles) are plotted. For the 
HST Ho Key Project galaxies, extinction values and dis- 
tance moduli given by Freedman et al. (2001) are adopted. 
Figure 4 shows that M33 Cepheids used in this study are 
located within the instabililty strip roughly defined by the 
Cepheids in other galaxies. M33 Cepheids go fainter than 
those in the HST Hq Key Project galaxies, and show a 
larger range of color compared with the LMC Cepheids. 

3.2. Cepheid Distance 

Figure 5 displays the /—log P relation of the Cepheids in 

M33 based on this study and other studies; mean magni- 
tudes of bright Cepheids by Freedman, Wilson, & Madore 
(1991) (open squares), mean magnitudes from the DI- 
RECT project for the same Cepheids by Macri et al. (2001) 
(crosses), and single epoch photometry of other Cepheids 
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by Mould (1987) (open triangles). Several features of note 
arc seen in Figure 5. First, our HST photometry of M33 
Cepheids shows a tight correlation between period and lu- 
minosity, although our data are based only on single epoch 
observations. Second, our photometry is on average fainter 
than the DIRECT photometry and brighter than Mould 

(1987) 's photometry for a given period. Third, our pho- 
tometry is on average similar to Freedman et al. (1991) 's 
photometry for a given period. Fourth, the scatter along 
the period-luminosity relation is smaller in our photometry 
(c7 = 0.25) than that of the ground-based data (a = 0.28 
for the DIRECT data, a = 0.27 for the Freedman et al.'s 
data, and a = 0.45 for Mould's data). 

For distance estimation, we have used the calibration of 
the Ml — log P relation for Cepheids given by Freedman 
et al. (2001): M/ = -2.962 logP - 1.942 with a = 0.11. 
The zero point in this calibration is based on the LMC 
distance modulus of (m — M)o = 18.50 and reddening 
E{B — V) = 0.10. The slope in this calibration is based 
on the rcsidts of Udalski et al. (1999a) and is slightly 
flatter than that given by Madore & Freedman (1991), 
Mi = -3.06 log P - 1.81 with a = 0.18. The slope in 
the adopted calibration is similar to those based on newer 
studies (Groenewegen 2000; Groenewegen & Oudmaijer 
2000). 

There is a possibility that there may be included some 
first overtone Cepheids as well as the fundamental mode 
Cepheids at the short periods. As a matter of fact we 
could classify C29 and C35 which are the brightest among 
the Cepheids with logP < 0.8 into first overtone Cepheids 
from the shape of the light curves, noting that the light 
curves of the first overtone Cepheids are more sinusoidal 
than the fundamental mode Cepheids (Mantcgazza & 
Poretti 1992). The LMC Cepheid data show that the 
longest period of the first overtone Cepheids is about 6 
days (Udalski et al. 1999a). Therefore we decided to use 
the Cepheids with logP > 0.8 for distance determination. 

Fitting the /— logP relation to 21 Cepheids (classes 0, 1 
and 2) with logP > 0.8 in M33, we obtain a value for the 
distance modulus, [m - M)i = 24.91 with cr(fit)= 0.25 
mag. The uncertainty corresponding to this fitting er- 
ror is a{fA)/^/N = 0.05 mag. On the other hand, the 
error in the distance modulus associated with a single I- 
band observation of one Cepheid of known period is 0.30 
mag which leads to 0.065 mag for 21 Cepheids in this 
study, following the description in Freedman & Madore 

(1988) . These two types of errors are comparable so we 
adopt 0.07 as the error of the / — logP fitting. From 
this we derive an extinction-corrected distance modulus 
(m-M)o = 24.52 ±0.14(random)±0.13(systcmatic), con- 
sidering extinction and other error sources as listed in Ta- 
ble 2 (following also Mould et al. (2000)). If we use 18 good 
Cepheids with classes and 1, we obtain very similar re- 
sults, (m-M)o = 24.50 ±0.14(random)±0.13(systematic) 

In addition, we have used W (the Wesenheit parameter) 
for distance estimation (see Freedman, Wilson, & Madore 
(1991) ). W is a representative magnitude which is de- 
fined to be extinction- free: Wy = V — Rv{B — V) and 
Wi = I — Ri{V — I) where Ry and i?/ are the ratio of 
total-to-selective absorption. Using Wi = 2.45/ — lAbV 
(for Rv = 3.3 adopted in this study) and the cali- 
bration Mw = -3.255 log P - 2.644 (based on (m - 



M)o,LMC = 18.50) (Udalski et al. 1999a; Freedman et al. 
2001), we obtain from 21 Cepheids with classes 0, 1 and 
2, (m - M)o = 24.52 with cr(fit)=0.17, which is smaller 
than the (T(fit)=0.25 from the the I — logP relation, as 
shown in Figure 6. From this we derive a distance modu- 
lus (to - M)o = 24.52 ± 0.15(random)±0.11(systematic). 
If we use 18 Cepheids with classes and 1, we obtain 
(m - M)o = 24.55 ± 0.15(random)±0.11(systematic). 

We also tried to use the DIRECT mean magnitudes 
of the Cepheids corrected for the difference between our 
the photometry and the DIRECT photometry. The last 
two columns in Table 1 list the differences between the 
DIERCT magnitudes of the Cepheids at the same phase as 
the HST data and the mean magnitudes. Using these cor- 
rected mean magnitudes of the Cepheids, we obtain very 
similar results for the distance estimates to above (the dif- 
ference in the distance modulus is only 0.02). Finally we 
adopt (to-M)o = 24.52±0.14(random)±0.13(systematic) 
as the Cepheid distance to M33 before the metallicity ef- 
fect correction. 

4. DISCUSSION AND SUMMARY 

We have determined the distance to M33 using the 
single epoch /-band observations of Cepheids based on 
the HST/WFPC2 images of five fields. Combining the 
HST /-band photometry and the periods determined 
from the ground-based observations (DIRECT) for 21 
Cepheids (logP > 0.8) with the best data in our sam- 
ple of 32 Cepheids, we derive a distance modulus of 
(to - M)o = 24.52 ± 0.14(random)±0.13(systematic). Us- 
ing the Wesenheit Wj quantity, an extinction-free pa- 
rameter, we derive a very similar value, (to — M)o = 
24.52±0.15(random)±0.11(systematic). These results are 
in good agreement with those based on the multi-epoch 
ground-based BVRI observations of 11 bright Cepheids in 
M33, (to-M)o = 24.56±0.10(andi;(P-U) = 0.20±0.04) 
before metallicity correction by Freedman, Wilson, & 
Madore (1991) and Freedman et al. (2001). 

These Cepheid distances are somewhat smaller than 
those derived recently using the tip of the red giant 
branch and red clump of the M33 field stellar popula- 
tion. Using the same set of HST data for field stars 
as we have used for the Cepheids, Kim et al. (2001) 
have determined the distance to M33, obtaining (to — 
M)o = 24.81 ± 0.04(random)+°;}^(systematic) from the 
tip of the red giant branch (TRGB), and (to — M)o = 
24.80 ± 0.04(random)±0.03(systcmatic) from the mean 
magnitudes of the red clump (RC). Note also that Sara- 
jedini et al. (2000) found (to - M)o = 24.84 ± 0.16 from 
the inferred location of the RR Lyraes in two M33 halo 
globulars and 24.81 ± 0.24 from the red clump of 7 halo 
clusters. 

These TRGB distances and RC distances (Sarajcdini et 
al. 2000; Kim et al. 2001) were derived adopting a fore- 
ground reddening of only E{B - V) ^ 0.04. The RGB 
and RC stars are old so that the M33 internal reddening 
for these stars is considered to be negligible. On the other 
hand, Cepheid distances are derived adopting a total red- 
dening of E{B ~ V) — 0.20 ± 0.04 given by Freedman et 
al. (2001). If only the foreground reddening is adopted for 
the Cepheids used in this study, the differences between 
the Cepheid distances and the TRGB and RC distances 
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become much smaller (by 0.3 mag). Since there is a large 
difference, dE{B — V) = 0.1, in the reddening estimates 
based on the same data used by Freedman, Wilson, & 
Madore (1991) and Freedman et al. (2001), the uncertainty 
in the reddening must be larger than the quoted error in 
Freedman et al. (2001), 0.04. We strongly urge better de- 
termination of the reddening of the Cepheids in M33 in 
the future. 

Note also that the metallicity effect in the Cepheid dis- 
tance determination has been controversial (sec. e.g., Sas- 
selov et al. (1997); Kochanek (1997); Kennicutt et al. 
(1998) and Allen & Shanks (2001)). However, in the 
case of M33, the error due to metallicity differences is 
estimated to be negligible because the mean metallic- 
ity of the disk components in M33 is known to be very 
similar to or slightly more metal-rich than that of the 
LMC on which the calibration of the P-L relation used 
in this study is based. While van den Bergh (2000) lists 
12 + log[0/H] = 8.37 ± 0.09 for the LMC (Kurt & Dufour 
1998) and 12 + \og[0/H] = 8.4 ± 0.15 for M33 (Massey 
1998), Fcrrarese et al. (2000) and Freedman et al. (2001) 
use 12 + \og[0/H] = 8.5 ± 0.08 for the LMC (Pagel et al. 
1978) and 12 + log[0/H] = 8.82 ± 0.15 for M33(Zaritsky, 
Kennicutt, & Huchra 1994). These values lead to a metal- 
licity correction in the distance modulus to M33, from 
(5(m — M)o = 0.01 to 0.06, if the relation between the 
distance modulus and metallicity adopted by Freedman et 
al. (2001), S{m - M)a/SZ = -0.2 ± 0.2 mag dex^i, is 
used. However, we stress that the metallicity dependence 
of Cepheid luminosities is very uncertain at the present 
time. 

In closing, it is important to reiterate that the fitting 
error for the / — logP relation of 21 Cepheids based on 



the single epoch HST observations in this study is (j(fit) 
= 0.25. It is impressive that this fitting error is very simi- 
lar to that for the mean /-band magnitudes of 11 brighter 
Cepheids based on multi-epoch ground-based observations 
given by Freedman et al. (2001), cr(fit) = 0.27. This con- 
firms that single epoch /-band observations of Cepheids 
using HST is a very efficient way to determine accurate 
distances, if the reddening of individual Cepheids can be 
accurately determined. As a result, we would advocate 
the following strategy for determining Cepheid distances 
to nearby galaxies: First, search for Cepheids and de- 
termine the periods of the Cepheids using small to mid- 
size ground-based telescopes (e.g. the DIRECT project); 
Second, obtain /-band photometry of a large sample of 
Cepheids at a single epoch (or a few epochs) using HST. 
Finally, determine the distance using the /—log P relation. 
An excellent alternative is to obtain K-band photometry 
of selected Cepheids. The very low K-band amplitude and 
low reddening make this a very promising way to get accu- 
rate Cepheid distances to nearby galaxies, especially those 
where reddening effects are important. 
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Table 1 

\' I PUOTOMETUY OF C'EI'HEIDS L\ THE IIST FIELDS OF iM.'i.'i 



Name*^ DIRECT Name'' P[days]b Phase'^ V - 1'^ Class^ <V>^ < I >^ AV^ AP 



C5 


D33J013349, 


.8+304737, 


.0 


4, 


.19 


0, 


.34 


22 


.00 


0, 


.89 


2 


22, 


.58 


21, 


.01 


0. 


,36 


0, 


.02 


C12 


D33J013359 


.4+304214, 


.2 


4, 


.78 


0, 


.35 


21, 


.47 


1, 


.03 


2 


21, 


.67 


20, 


.85 


0. 


,19 


0, 


.24 


C24 


D33J013408, 


.6+303754, 


.8 


5, 


.32 


0, 


.89 


21, 


.08 


0, 


.65 





21, 


.23 






-0, 


.27 




- 


C27 


D33J013405, 


.5+304133, 


.3 


5, 


.37 


0, 


.65 


21, 


.61 


0, 


.84 


2 


21, 


.97 






-0. 


.22 




- 


C29 


D33J013359, 


.5+303846, 


.8 


5, 


.45 


0, 


.63 


21, 


.04 


0, 


.91 


1 


21, 


.24 






-0, 


.01 




- 


C35 


D33J013351 


.2+303001, 


.0 


5, 


.60 


0, 


.29 


20, 


.64 


0, 


.69 


1 


20, 


.58 


19, 


.63 


0, 


.07 


-0, 


.03 


C43 


D33J013350, 


.6+304734, 


.9 


5, 


.74 


0, 


.28 


21, 


.55 


0, 


.85 


1 


21, 


.60 


20, 


.74 


0, 


,07 


0, 


,12 


C49 


D33J013407, 


.9+303831, 


.6 


5, 


.90 


0, 


.82 


21, 


.93 


1, 


.14 


4 


20, 


.31 


19, 


.82 


0, 


,15 


0, 


,12 


C55 


D33J013349, 


.6+304744, 


.7 


6, 


.00 


0, 


.58 


21, 


.65 


0, 


.90 


2 


21, 


.92 


20, 


.52 


-0. 


.21 


-0. 


.26 


C62 


D33J013405, 


.6+304120, 


.5 


6, 


.12 


0, 


.96 


21, 


.25 


0, 


.84 


1 


21, 


.58 


20, 


.35 


-0, 


.24 


-0, 


.21 


C66 


D33J013349 


.4+304701, 


.9 


6, 


.35 


0, 


.87 


21, 


.39 


0, 


.89 


1 


21, 


.43 






0, 


,18 




- 


C68 


D33J013349, 


.4+303009, 


.4 


6. 


.78 


0, 


.15 


21, 


.39 


0, 


.92 





21, 


.12 


20, 


.40 


0. 


,39 


0. 


.29 


C71 


D33J013406. 


.4+304003, 


.7 


6, 


.93 


0, 


.36 


20, 


.65 


0, 


.68 





20, 


.57 


19, 


.59 


-0. 


.23 


-0. 


.07 


C72 


D33J013428 


.3+303900, 


.4 


6, 


.99 


0, 


.76 


21, 


.06 


0, 


.72 





21, 


.24 


20, 


,41 


-0, 


.16 


-0, 


.12 


C83 


D33J013347, 


.9+302943, 


.6 


7, 


.63 


0, 


.02 


21, 


.12 


0, 


.85 


1 


21, 


.33 


19, 


.94 


-0, 


.05 


-0, 


.07 


ClOO 


D33J013402, 


.4+303831, 


.8 


8, 


.33 


0, 


.96 


21, 


.10 


0, 


.85 


2 


20, 


.80 


20, 


.17 


-0, 


.01 


0. 


.03 




JJooJUio4UD, 


.D-hoUooio, 


Q 
.O 


Q 
O, 




A 

u, 


. (D 


01 

zi, 


.U4 


U, 


.OD 


u 


on 


on 






U. 








cm 


D33J013346, 


.3+302908, 


.9 


9, 


.12 


0, 


.55 


20, 


.72 


0, 


.77 


1 


20, 


.59 


19, 


.83 


-0, 


.25 


-0, 


.12 


C118 


D33J013350 


.8+304715, 


.5 


9, 


,72 


0, 


.94 


20, 


.70 





.86 


1 


20, 


.82 


20, 


.13 


0, 


.02 


0, 


,11 


C121 


D33J013408, 


.8+303946, 


.5 


10, 


.11 


0, 


.73 


20, 


.77 


0, 


.84 





20, 


.56 


19, 


,52 


0, 


,02 


0, 


,03 


C142 


D33J013357 


.4+304113, 


.9 


11, 


.62 


0, 


.61 


21, 


.33 


1, 


.21 





20, 


.34 


19, 


.35 


0, 


,23 


0, 


,20 


C150 


D33J013346, 


.6+304821, 


.8 


12, 


.35 


0, 


.32 


20, 


.55 


1, 


.73 


3 


20, 


.22 


18. 


.49 


0. 


,14 


0. 


.06 


C156 


D33J013350, 


.0+303014, 


.9 


12, 


.97 


0, 


.31 


20, 


.51 


0, 


.84 





20, 


.72 


19, 


,39 


-0, 


.36 


-0, 


.14 


C157 


D33J013406 


.1+303734, 


.0 


13, 


.02 


0, 


.45 


21, 


.32 


1, 


.36 


2 


21, 


.06 


19, 


,71 


0, 


,16 


0, 


.08 


C158 


D33J013402, 


.8+304145, 


.7 


13, 


.04 


0, 


.33 


20, 


.41 


0, 


.96 





20, 


.02 


18, 


,91 


0, 


,09 


0, 


.00 


C160 


D33J013359, 


.9+303910, 


.3 


13, 


.24 


0, 


.38 


20, 


.30 


0, 


.97 





20, 


.67 


19, 


,33 


0, 


.24 


0, 


.00 


C163 


D33J013408, 


.1+303931, 


.9 


13, 


.32 


0, 


.35 


21, 


.16 


1, 


.07 





20, 


.41 


19. 


.83 


0. 


,06 


0. 


.16 


C174 


D33J013405, 


.9+303928, 


.9 


14, 


.59 


0, 


.97 


20, 


.45 


0, 


.98 





20, 


.01 


19, 


,32 


0. 


,37 


0, 


.19 


C204 


D33J013346 


.6+304645, 


.9 


18, 


.81 


0, 


.04 


20, 


.13 





.95 





19, 


.79 


18, 


,95 


0, 


,32 


0, 


.06 


C205 


D33J013406, 


.8+303940, 


.2 


18, 


.89 


0, 


.07 


20, 


.54 


1, 


.08 





19, 


.84 


18, 


,96 


-0, 


.09 


0, 


.00 


C212 


D33J013401, 


.7+303923, 


.1 


21, 


.67 


0, 


.67 


20, 


.28 


1, 


.24 


2 


19, 


.89 


18. 


.80 


0. 


,03 


-0. 


.05 


C224 


D33J013350, 


.6+304754, 


.7 


26, 


.48 


0, 


.47 


20, 


.51 


1, 


.30 





20, 


.02 


18. 


.73 


0. 


,22 


0. 


.10 



''Our IDs for the Ccphcids. 

^Periods from the DIRECT Project (Macri et al 2001). 
^Phases of the Cepheids in the HST photometry. 

■^Single epoch HST photometry of this study. Formal errors are smaller than 0.02 mag. 

''Classes depending on the quality of the DIRECT light curves of Cepheids: 0=very good, l=good, 2=fair, 
3=unusually red color for Cepheids, and 4=ambiguous identification. 

^Mean magnitudes of Cepheids from the DIRECT photometry. 

'^Differences between the DIRECT magnitudes of Cepheids at the same phase as the HST data and the mean 
magnitudes. 
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Table 2 

Error budget for the Cepheid distance modulus to M33 



Source of Error 


Error 


Cepheid PL calibration 




A. LMC true modulus 


0.10 


B. /-band PL zero point 


0.01 


SI. LMC PL systematic uncertainty 


0.10 


S2. Metallicity effect (LMC-M33) 


0.04 


HST photometric calibration 




D. HST /-band zero point 


0.05 


DW. HST y-band zero point 


0.05 


Rl. HST calibration uncertainty 


0.12 


RWl. HST calibration uncertainty 


0.14 


M33 distance modulus 




F. M33 /-band PL fitting 


0.05 


FW. M33 - log P PW fitting 


0.04 


H. Finite strip width and random phase data 


0.07 


R2. M33 distance modulus uncertainty 


0.07 


RW2. M33 distance modulus uncertainty 


0.04 


S3. Total /-band extinction uncertainty 


0.07 


Total uncertainty*^ 




R. Random errors for PL and PW 


0.14, 0.15 


S. Systematic errors for PL and PW 


0.13, 0.11 



R{PL) = VR1^ + R2^ , R{PW) = V RWl^ + RW ¥, 
S{PL) = VS12TS22T532, and S{PW) = VSP + 52^. 
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ARA [arcmin] 

Fig. 1. — A finding chart for Cepheids in M33. Tlie dots represent the DIRECT Cepheids, and the open circles represent the Cepheids 
used in Preedman, Wilson, & Madore (1991). The squares represent the HST fields centered on the globular clusters. 



o 

5 

I 

E- 

m 

B -1.0 



1.0 



0.0 



(a) 



I ' ' ' ' I ' ' ' ' I ' ' ' ' I 



a Q 



i °- - -^(p^ 



18.5 19.0 19.5 20,0 20.5 21.0 21.5 



U 

w 

K 
Q 
I 

E- 

m 

> 
< 





. 1 1 1 1 1 1 1 
: (b) 


1 1 1 1 1 1 1 1 1 


'6' ' 


1 1 1 _ 


1.0 


6 

- a 9°Sb X 


o 

O 9 X 
® JO 






0.0 


SiO — 

: S ° * 




o 




1.0 




1 , , , , 1 , , , 


. 1 , 





20.0 20.5 21.0 21.5 22.0 22.5 
V 



Fig. 2. — Comparisons of the HST photometry and DIRECT photometry of Cepheids in the / (a) and V (b) bands. The crosses represent 
the difference between the HST photometry and the DIRECT magnitudes at the same phase, and the open circles represent the difference 
between the HST photometry and the DIRECT mean magnitudes of the Cepheids. The solid lines represent the mean value for the differences 
between the HST photometry and the DIRECT mean magnitudes. 
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Fig. 3. — Color-magnitude diagram of Cepheids in M33. The filled circles represent our single epoch photometry of the Cepheids identified 
in the HST images, and the crosses represent the mean magnitudes and colors of the same Cepheids given by the DIRECT project, and 
the open squares represent the mean magnitudes and colors of bright Cepheids given by Freedman, Wilson, & Madore (1991). The reddest 
Cepheid is C150. The dots represent the field stars in the WF3 chip of the H38-region, as an example. 
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Fig. 4. — Color-magnitude diagram of Cepheids in M33 (filled circles), LMC (open circles and triangles), and HST Hq Key Project galaxies 
(crosses). Extinction values and distance moduli given by Freedman et al. (2001) are adjusted for M33 and eighteen HST Hq Key Project 
galaxies. The open circles represent the fundamental mode Cepheids and the open triangles represents the first overtone Cepheids in the 
LMC from the OGLE data (Udalski et al. 1999b). The extinction E{B -V) = 0.1 and the distance modulus (m - M)o = 18.5 for the LMC 
are adopted. 
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Log P [days] 

Fig. 5. — Distance estimation using the / — logP relation (given by Freedman et al. (2001)) for the Cepheids in M33. The solid line 
represents a linear fit to the data of the Cepheids with log P > 0.8 and classes and 1 obtained in this study (filled circles), and the dotted 
lines represent 2a (=0.22) excursions from the / — logP relation for the LMC. The open circles, asterisks and open pentagons represent, 
respectively, the Cepheids with class 2, 3 and 4 in this study, and the crosses represent the mean magnitudes of the same Cepheids given by 
the DIRECT project (Macri et al. 2001). The open squares represent the mean magnitudes of bright Cepheids given by Freedman, Wilson, 
& Madore (1991), and the open triangles represent the single epoch magnitudes of other Cepheids given by Mould (1987). 




Fig. 6. — Distance estimation using the W/ — log P relation for the Cepheids in M33. The solid line represents a lineaj: fit to the data of 
the Cepheids with logP > 0.8 and classes and 1 obtained in this study (filled circles), and the dotted lines represent 2it(= 0.16) from the 
calibration. The open circles, asterisks and open pentagons represent, respectively, the Cepheids with classes 2, 3 and 4 in this study. 



